Ornithine decarboxylase (ODC), a key enzyme in the biosynthesis of polyamines, is a labile protein that is regulated by interacting with antizymes (AZs), a family of polyamine-induced proteins. Recently, a novel human gene highly homologous to ODC, termed ODC-like or ODC-paralogue (ODCp), was cloned, but the studies aimed to determine its function rendered contradictory results. We have cloned the mouse orthologue of human ODCp and studied its expression and possible function. mRNA of mouse Odcp was found in the brain and testes, showing a conserved expression pattern with regard to the human gene. Transfection of mouse Odcp in HEK 293T cells elicited an increase in ODC activity, but no signs of arginine decarboxylase activity were evident. On the other hand, whereas the ODCp protein was mainly localized in the mitochondrial/membrane fraction, ODC activity was found in the cytosolic fraction and was markedly decreased by small interfering RNA against human ODC. Co-transfection experiments with combinations of Odc, Az1, Az2, Az3, antizyme inhibitor (Azi), and Odcp genes showed that ODCp mimics the action of AZI, rescuing ODC from the effects of AZs and prevented ODC degradation by the proteasome. A direct interaction between ODCp and AZs was detected by immunoprecipitation experiments. We conclude that mouse ODCp has no intrinsic decarboxylase activity, but it acts as a novel antizyme inhibitory protein (AZI2).
The polyamines spermidine and spermine and their precursor putrescine are ubiquitous polycations implicated in the growth, differentiation, and death of eukaryotic cells (1) (2) (3) (4) . Intracellular levels of polyamines are tightly regulated through multiple mechanisms affecting their biosynthesis, catabolism, and transport (5) (6) (7) (8) (9) . In mammalian cells, putrescine synthesis, the first step in the polyamine biosynthetic pathway, is mediated by ornithine decarboxylase (ODC) 2 (EC 4.1.1.17) through the decarboxylation of L-ornithine. This enzyme is subject to a complex regulation by transcriptional, translational, and posttranslational mechanisms (10 -16) . At the post-translational level, ODC is finely regulated by a family of inhibitory proteins called antizymes (AZ) (15, 17, 18) . AZ1, the first described member of the family, binds to ODC monomers preventing the formation of active ODC homodimers and promoting the degradation of ODC through the 26 S proteasome in a ubiquitinindependent manner (19 -21) . Synthesis of AZ is influenced by polyamines through the stimulation of ribosomal frameshifting (22, 23) . Moreover, the action of AZ on ODC function is also mediated by a protein called antizyme inhibitor (AZI). This protein, having a sequence highly similar to that of ODC, is devoid of ornithine decarboxylating activity; however, it can activate ODC by competing for AZ, because AZI binds to AZ with high affinity preventing or decreasing the formation of the ODC-AZ complex (24, 25) . In addition, AZ1 and AZ2 not only decrease polyamine biosynthesis but also prevent the accumulation of excess polyamines by inhibiting or suppressing polyamine transport (26 -28) . Transcription of a third member of the family (AZ3) appears to be restricted to human testis, where it could participate in spermatogenesis (29) .
Although there is ample evidence supporting that elevated polyamine levels and ODC overexpression are connected with cell transformation (30, 31) , less is known about the relevance of AZ and AZI in abnormal cell growth. Transgenic mice overexpressing AZ showed reduced tumorigenesis (32, 33) , and AZI has been found to be elevated in some tumors (34) and stimulated by growth-promoting stimuli (35) . Recent reports have revealed that AZ may also interact with proteins other than ODC, related with signal transduction such as Smad-1 (36) or cell cycle progression such as cyclin D1 (37) , increasing the interest on the potential role of these ODC-related proteins in the control of cell growth. Furthermore, the demonstration during the last decade of the presence of agmatine in mammalian cells (38 -40) and the existence in the human genome of the agmatinase gene (41, 42) , coding for the enzyme forming putrescine from agmatine, raised the possibility that this alter-nate pathway to putrescine synthesis could be relevant in polyamine metabolism in mammalian cells, in particular in therapeutic interventions based on the inhibition of ODC.
Although there is sound evidence supporting that agmatine is present in mammalian tissues (38 -40) , the existence of authentic arginine decarboxylase (ADC), the enzyme forming agmatine from L-arginine, in mammalian tissues is subject to some controversy. Although it is clear that different rat tissues are able to produce 14 CO 2 from 14 C-labeled L-arginine (38, 40, 43, 44) , and in some cases agmatine formation has been claimed (40, 45) , in other studies agmatine production from arginine could not be found either in mouse (46, 47) or in rat tissues (48) . Moreover, although it was suggested that arginine decarboxylation reaction in the rodent brain may be catalyzed by ODC (49) , later studies reported that rat ADC was able to decarboxylate both arginine and ornithine, this enzyme being distinct from ODC (44) . In this regard, a viral gene, a close homologue of eukaryotic ODC, has been shown to code for an enzyme capable of decarboxylating L-arginine preferentially to L-ornithine (50) . Recently, Regunathan and co-workers (51) have identified a human cDNA clone that exhibits ADC activity when expressed in COS-7 cells. The deduced amino acid sequence of this protein is not related to bacterial or plant ADC, but it is identical to a previously identified human ODC-like protein, a human ODC paralogue named ODCp (52) . However, the facts that in vitro translated human ODCp did not decarboxylate L-ornithine (52) and that Escherichia coli extracts expressing recombinant human ODCp lacked ODC or ADC activity (48) raise doubts on its possible ADC activity, leaving unsettled the function of human ODCp.
In our previous studies, in spite of the fact that we did not find agmatine synthesis in mouse extracts using HPLC and electrophoretic techniques, we could not rule out the possibility that a minor part of the 14 CO 2 released from mouse tissue extracts incubated with 14 C-labeled arginine could be the result of the existence of ADC in mammalian cells (46, 47) . In this work, we have taken advantage of the published sequence of the murine orthologue gene of human ODCp to study its expression in mouse tissues. We cloned and sequenced this gene and studied the activity of its product by means of transient transfection experiments of human HEK 293T cells. The results obtained support the view that the product of the murine Odcp gene acts as an antizyme inhibitor protein that is devoid of substantial intrinsic ODC or ADC activity. 
EXPERIMENTAL PROCEDURES

Materials
RT-PCR
Total RNA was extracted from tissues with GenElute mammalian total RNA Miniprep kit (Sigma) following the manufacturer's instructions. Total RNA was reverse-transcribed using oligo(dT) 18 as primer and Moloney murine leukemia virus reverse transcriptase. Products were amplified by means of Taq polymerase using specific primer pairs within the linear range for each gene product. Amplified products were resolved by electrophoresis in 2% agarose gel containing 40 mM Tris acetate and 1 mM EDTA (pH 8.0) in a horizontal slab gel apparatus using the same Tris acetate/EDTA buffer. The gel was stained with ethidium bromide (0.2 g/ml for 15 min) and photographed by UV transillumination using a Gel Doc system camera (Bio-Rad). The bands were quantified using the Multi-Analyst PC software from Bio-Rad. Primers (Sigma Genosys) were as follows: mouse ␤-actin (forward, 5Ј-TGCGTCTGGACCT-GGCTG; reverse, 5Ј-CTGCTGGAAGGTGGACAG); mouse ODC (forward, 5Ј-TGGAGTGAGAATCATAGCTG; reverse, 5Ј-TTGGCCTCTGGAACCCATTG); mouse ODCp (forward, 5Ј-GTGAATCGGACTTTGTGATGGT; reverse, 5Ј-GGGTA-GCAATGCACAGAACC); mouse AZ1 (forward, 5Ј-ACGCA-GCGCCACGCTTCACGC; reverse, 5Ј-TTCGGAGTAGGGC-GGCTCTGT); mouse AZ2 (forward, 5Ј-AAGTGTCCCCAG-CTCCAGTGCT; reverse, 5Ј-CGAGTCAACTCCGAGAACA-CAATG); mouse AZ3 (forward, 5Ј-TCCAGTGCTCCTGAG-TCCCTA; reverse, 5Ј-CACATACTCCAGTGTTGCTG).
Cloning of Mouse ODCp, ODC, AZ1, AZ2, AZ3, and AZI
Total RNA was extracted from brain and testis of Swiss CD1 adult mice, and cDNA was obtained as described above. The complete mouse ODCp coding sequence was amplified by PCR using Pfu polymerase with the forward primer 5Ј-CTGGAAT-TCATGGCTGGCTATCTGAGTG and the reverse primer 5Ј-ACATCTAGACTCACATGATGCTTGCTGG derived from the mouse ODCp cDNA sequence (GenBank TM accession number NM_172875). Thirty PCR rounds (denaturation for 1 min at 95°C, annealing for 2 min at 64°C, and extension for 2 min at 72°C, followed by a final 10-min extension at 72°C) were performed using brain cDNA as template, 5 M of each primer, 200 M of each dNTP, and 1.5 units of the proofreading Pfu polymerase. The amplification product was purified, digested, and inserted in the expression vector pcDNA3 (Invitrogen) by the added restriction sites (underlined) and used to transform competent DH5␣ E. coli cells following standard procedures (53) . Mouse ODC, AZ1, AZ2, AZ3, and AZI coding sequences were cloned by a similar procedure using the following primers: ODC (forward, 5Ј-ACAGAATTCACCATGAGCAGCTT-TAC; reverse 5Ј-AACTTCTAGACAAGAGCTACAAGA-ATG); AZ1 (forward, 5Ј-TGGGAATTCACCCCAGCGGC-CGGATGG; reverse 5Ј-ACGTCTAGAGGACTAACCCAG-GAGAGGG); AZ2 (forward, 5Ј-CCGGAATTCAAGTGTC-CCCAGCTCC; reverse, 5Ј-GCTTCTAGACAAAGCATCC-TCTGTGAC); AZ3 (forward, 5Ј-GCGGAATTCCTCTACT-GTTACAAATAC; reverse 5Ј-TTATCTAGACTCACTGGC-CAGGGTGGCC); and AZI (forward, 5Ј-ACGGAATTCATG-AAAGGATTTATTGACGATG; reverse, 5Ј-ACTTCTAGAC-TAAGGAAGCGTTAATGCC). The identity of the clones was ascertained by DNA sequencing of the cloned inserts by means of an ABI PRISM 310 Genetic Analyzer (Applied Biosystems) at the Servicio de Apoyo a las Ciencias Experimentales facilities, University of Murcia.
Odc-FLAG, Odcp-FLAG, and Azi-FLAG Plasmid Construction
The pcDNA3 plasmids containing ODC, ODCp, or AZI coding sequences inserted between the restriction sites EcoRI and XbaI of the polylinker were opened by digestion with BamHI and EcoRI enzymes. The FLAG epitope DYKDDDDK was added to the N terminus of ODC by inserting a double-stranded synthetic oligonucleotide encoding the epitope (in boldface) and designed for annealing with the cohesive ends of the open vector (54) . The sense 33-oligomer had the sequence 5Ј-GATC-CATGGACTATAAGGACGATGATGACAAGG and the antisense 33-oligomer had the sequence 5Ј-AATTCCTTGT-CATCATCGTCCTTATAGTCCATG. One nmol of each oligonucleotide was diluted in 100 l of water, and the mixture was incubated at 95°C for 5 min and then left for annealing at room temperature. One l of the annealed mixture and 10 ng of the digested plasmid were ligated and used to transform competent DH5␣ E. coli cells following standard procedures. The sequences of the constructs were verified as described above.
Mutagenesis and Az-HA Construction
To express full-length functional antizymes, the antizyme-specific stop codon of the ribosomal frame-shifting site was deleted by site-directed mutagenesis by means of the QuickChange site-directed mutagenesis kit, according to the manufacturer's protocol and the following mutagenic primers: ⌬AZ1 (forward, 5Ј-CGGTGGTGCTCCGATGTCCCT-CACCC; reverse, 5Ј-GGGTGAGGGACATCGGAGCACC-ACCG); ⌬AZ2 (forward, 5Ј-CCTCTGTGGTGCTCCGAT-GCCCCTCACC; reverse, 5Ј-GGTGAGGGGCATCGGAG-CACCACAGAGG); and ⌬AZ3 (forward, 5Ј-CTCCAGTGC-TCCGAGTCCCTAGGAG; reverse, 5Ј-CTCCTAGGGACT-CGGAGCACTGGAG). Deletions were introduced by incorporating the appropriate nucleotide changes into the primers. The N-terminal HA (hemagglutinin) epitope was introduced into the three antizyme clones by PCR. The sequence for the HA epitope (in boldface) was added in front of the following sense primers: HA-AZ1 (5Ј-CGGGAATTCATG-TACCCATACGATGTCCCAGATTACGCTATGGTGAA-ATCCTCCCTGCAGCGG); HA-AZ2 (5Ј-CTGGAATTCAT-GTACCCATACGATGTCCCAGATTACGCTATGCCCC-TCACCCACTG); and HA-AZ3 (5Ј-AAGGAATTCATGTAC-CCATACGATGTCCCAGATACGCTATGCTGCCTTGTT-GTTAC). HA-tagged antizymes were cloned into the EcoRI and XbaI sites of pcDNA3. The sequences of the constructs were verified as described above.
Cell Culture and Transient Transfections
Human embryonic HEK 293T cells obtained from the ATCC were cultured in RPMI 1640, containing 10% fetal calf serum, 100 units/ml penicillin, and 100 g/ml streptomycin sulfate, in a humidified atmosphere containing 5% CO 2 at 37°C. Cells were grown to ϳ90% confluence. Transient transfections were carried out with Lipofectamine 2000 transfection reagent with 1.5 or 0.75 g of pcDNA3 plasmid per well for 6-or 12-well plates, respectively. After 6 h of incubation the transfection medium was removed, and fresh complete medium was added, and cells were grown for 16 h. The cells were then collected for ODC/ADC assays, RNA isolation, and Western blot. In cotransfection experiments, 0.75 g of DNA per well was used, with the mixtures containing equimolecular amounts of each construct. The plasmid pcDNA3 without gene insertion was used as negative control.
siRNA Assay
Specific siRNAs targeting human ODC were selected using siRNA Target Finder, and the Silencer TM predesigned siRNA matching exon 4 (sense, 5Ј-GGAUGCCUUCUAUGUGGAtt; antisense 5Ј-UGCCACAUAGAAGGCAUCCtt) was obtained from Ambion Inc. (Austin, TX). This siRNA was used to cotransfect HEK 293T cells with pcDNA3 plasmid containing ODCp or AZI cDNA, as described above. siRNA concentration in the transfection medium ranged from 15 to 100 nM. Silencer Negative Control 1 siRNA (Ambion), having no significant similarity to any known gene sequences from mouse, rat, or human, was used as negative control.
Enzyme Measurements
Protocol I-Except when specifically indicated, ODC activity was assayed in the soluble fraction of HEK 293T cells lysed in a media containing the detergent Igepal. In brief, after transfection the medium was aspirated, and cells were washed with ice-cold phosphate-buffered saline (PBS) and pelleted. Then cells were resuspended and lysed in PBS containing 1% phenylmethylsulfonyl fluoride, 1% Igepal, and 2 mM dithiothreitol. The extract was centrifuged at 20,000 ϫ g for 20 min, and ODC activity was determined in the supernatant. ODC activity was assayed basically as described elsewhere (55) C]ornithine (specific activity, 4.7 mCi/mmol) in a total volume of 62.5 l.
The reaction was performed in glass tubes with tightly closed rubber stopper. The samples were incubated at 37°C for 30 min, and the reaction was stopped by adding 0.5 ml of 2 M citric acid.
14 CO 2 was trapped in two disks of filter paper wetted in 0.5 M benzethonium hydroxide dissolved in methanol. The filter paper disks were transferred to scintillation vials and counted by liquid scintillation. Activity was expressed as nanomoles of 14 CO 2 produced per h and per mg of protein. 1% Igepal did not significantly affect ODC activity that was inhibited more than 95% by 1 mM DFMO.
Protocol II-ODC and putative ADC measurements in homogenates and fractionated extracts of HEK 293T cells were carried out as follows. Cells collected and washed in PBS were homogenized in ice-cold Tris/sucrose buffer using a Polytron homogenizer. The composition of the homogenizing buffer (buffer A) was as follows: 10 mM Tris-HCl (pH 7.2), 0.1 mM pyridoxal phosphate, 0.2 mM EDTA, 1 mM dithiothreitol, 0.25 M sucrose, 200 M 4-(2-aminoethyl)benzenesulfonyl fluoride, 13 M bestatin, 1.4 M E-64, 100 M leupeptin, 30 nM aprotinin. The cell homogenate was centrifuged at 500 ϫ g for 10 min to obtain a post-nuclear supernatant that was centrifuged at 12,000 ϫ g for 20 min to collect a post-mitochondrial supernatant (S12) and a crude mitochondrial pellet (P12). The P12 pellet was resuspended either in buffer A (for ODC determination) or in buffer B (for ADC determination) consisting of 10 mM Tris-HCl (pH 8.2), 0.1 mM pyridoxal phosphate, 1 mM dithiothreitol, 0.2 mM EDTA, 1 mM MgSO 4 , and protease inhibitors as in buffer A. ODC activity in the different cell fractions obtained was determined basically as described above. ADC activity was measured in buffer B containing 0.06 M sucrose and 0.25 mM L-[(U)- 14 C]arginine (specific activity 6.4 mCi/mmol) at 30°C for 1 h, and 14 CO 2 was trapped and counted as described in the ODC assay. The protein content was determined by the method of Bradford (56) using bovine serum albumin as standard.
Polyamine Analysis
Cells were extracted with 0.4 M perchloric acid, and the supernatant obtained after centrifugation at 10,000 ϫ g for 10 min was used for polyamine determination. In brief, polyamines underwent dansylation according to the method described by Seiler (57) , and the dansylated polyamines were separated by HPLC using a Lichrosorb 10-RP-18 column (4.6 ϫ 250 mm; Merck) and acetonitrile/methanol/water mixtures (running from 42:28:30 to 58:38:4 ratio during 40 min of analysis) as mobile phase and at a flow rate of 1 ml/min. 1,6-Hexanediamine was used as internal standard, and standard solutions of agmatine, putrescine, spermidine, and spermine were used to calibrate the column. Detection of the derivatives was achieved using a fluorescence detector, with a 340-nm excitation filter and a 435-nm emission filter. In addition, after ADC assays using L-[U-
14 C] arginine, the putative radioactive polyamines underwent dansylation and were separated by HPLC as described above. 1-ml fractions were collected, and aliquots were counted by liquid scintillation using Ecoscint TM H scintillation solution (National Diagnostics, Atlanta, GA). Agmatine formation was also estimated by analyzing the radioactive products formed after ADC assay by paper electrophoresis in 500 mM pyridine/acetic acid buffer (pH 6.1) (300 V, 1 h). The wet paper was dried, and radioactive spots were detected by PhosphorImaging using a Bio-Rad Molecular Imagen System and a ␤-imaging screen-CS (Bio-Rad). As a positive control of agmatine formation, ADC from E. coli (0.4 units/ml) was incubated with L-[U-
14 C]arginine under the conditions for assaying ADC activity described above.
Western Blot Analysis
Cells were solubilized in 50 mM Tris-HCl (pH 8), 1% Igepal, 1 mM EDTA, and 0.1 mM phenylmethylsulfonyl fluoride and centrifuged at 12000 ϫ g for 20 min. Reducing SDS-PAGE was performed in 10% polyacrylamide gels. Gels were transferred to polyvinylidene difluoride membranes, blocked with 5% nonfat dry milk in PBS, and incubated overnight at 4°C with the anti-FLAG antibody peroxidase-labeled (1:5000) or anti-HA antibody (1:20,000). Immunoreactive bands were detected by using ECLϩ detection reagent (Amersham Biosciences) and commercial developing reagents and films (Amersham Biosciences). In loading controls, Erk2 was determined by means of polyclonal anti-Erk2 antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA).
Immunoprecipitation
HEK 293T cells were transfected with ODCp-FLAG, alone or in combination with HA epitope-labeled AZ variants. Approximately 2 ϫ 10 6 cells were washed twice with phosphate-buffered saline and solubilized in 200 l of solubilization buffer (50 mM Tris-HCl (pH 8), 1% Igepal, 1 mM EDTA, and 0.1 mM phenylmethylsulfonyl fluoride). The sample was centrifuged (12,000 ϫ g, 20 min), and the supernatant was immunoprecipitated by adding anti-HA affinity gel beads. After a 3-h incubation, the sample was centrifuged, and the pellet was washed five times with the same solubilization buffer. Elution was performed in 20 l of 2% SDS for 30 min at room temperature. Eluted supernatants were mixed in a ratio of 2:1 with an electrophoresis sample buffer (180 mM Tris-HCl (pH 6.8), 15% glycerol, 9% SDS, 0.075% bromphenol blue, and 7.5% ␤-mercaptoethanol). Electrophoresis and Western blotting were performed as described above.
RESULTS
Expression of ODCp in Murine Tissues-The expression of
ODCp in different mouse tissues was studied by RT-PCR using primers derived from mouse ODCp sequence (GenBank TM accession number NM_172875). Fig. 1 shows that among the different tissues studied, mouse ODCp expression was restricted to brain and testes, in contrast to ODC, AZ1, and AZ2 that were expressed in all tissues tested. ODCp expression appears to be conserved because previous studies revealed that human ODCp expression was found in the central nervous system and testes (52) . In agreement with previous findings, AZ3 was mainly expressed in testes (29), although we also found expression of this antizyme isoform in the brain.
Cloning of Mouse ODCp and Comparison of Its Protein Sequence with Those of ODC and AZI-
The coding region of mouse ODCp, deduced after the cloning and sequencing of cDNA obtained from ODCp mRNA isolated from mouse testes, is shown in Fig. 2 . This sequence was identical to GenBank TM accession number NM_172875 corresponding to a murine ornithine decarboxylase-like protein, except that we found His instead of Tyr at position 317. His residue is also present at this position in human ODCp (ENSG00000142920), Gallus gallus ODCp (ENSGALG00000003614), and Canis familiaris ODCp (ENSCAFG00000010369). The comparison of the protein sequences of murine ODCp, ODC, and AZI showed that there is 48% identity and 69% similarity between ODCp and ODC. The corresponding values for ODCp and AZI were 44 and 66%, respectively. Higher dissimilarities were observed in the N-and C-terminal regions, whereas in the putative region of interaction with AZ (58), ODCp showed a high percentage of similarity (86%) with regard to the sequences in ODC and AZI. Important residues for ODC activity such as Lys-69, Asp-88, and Cys-360 (59 -63) are not conserved in mouse ODCp, whereas conservative substitutions in other residues such as Lys-169, Asp-361, and Phe-400, associated with the catalytic activity (63, 64) , can be observed. Gly-387 and Asp-364, residues implicated in ODC dimerization (63, 65) are conserved in ODCp.
The sequence of mouse ODCp protein exhibits 86% identity and 92% similarity with respect to that reported for human ODCp (52) . To note that the residue Lys-69 that in ODC is involved in the binding of pyridoxal 5Ј-phosphate is conserved in human ODCp, but it is substituted by glycine in murine ODCp.
Decarboxylating Activity of Mouse ODCp in Transfected HEK 293T Cells-To test the possible ODC or ADC activity of mouse ODC-like protein, ODCp was transiently expressed in HEK 293T cells, and its capacity to decarboxylate ornithine or arginine was measured in the cell homogenates, and cell fractions were obtained. These activities were also determined in homogenates from cells transfected with the empty vector and from cells transfected with mouse ODC cDNA. Table 1 shows, as expected, that ODC activity in ODC-transfected cells was remarkably high when compared with control cells, whereas in ODCp-transfected cells there was a moderate increase in the decarboxylation of ornithine with respect to control cells, but the activity was lower than 2% that of ODC-transfected cells. In both cases, ODC activity was mainly found in the post-mitochondrial fraction. This activity was inhibited more than 95% by 1 mM DFMO (results not shown), a specific inhibitor of mammalian ODC (66) . To analyze whether the large differences observed in the decarboxylating activities of the extracts of ODC and ODCp FIGURE 1. Expression of ODC, ODCp, AZ1, AZ2, and AZ3 in different mouse tissues. Total RNA was extracted from tissues of three male and two female mice and analyzed by semiquantitative RT-PCR using specific primers as described under "Experimental Procedures." ␤-Actin was used as control.
FIGURE 2.
Comparison of the amino acid sequences of mouse ODCp, ODC, and AZI using ClustalW program. Black background indicates amino acid identity, and gray background indicates amino acid similarity between at least two proteins. Asterisks represent changes in ODCp residues corresponding to residues associated with the catalytic activity of ODC. The putative AZ-binding site is underlined.
could be due to gross variations in protein expression, HEK 293T cells were transfected with different constructs encoding ODC-FLAG, ODCp-FLAG, or AZI-FLAG fusion proteins, and expressed proteins were detected by an anti-FLAG antibody. Fig. 3A shows similar expression levels of fusion proteins. The decarboxylating activity of the fusion proteins appeared not to be significantly altered (data not shown).
To test whether the ornithine decarboxylating activity measured in ODCp-transfected cells is the result of authentic ODC activity of mouse ODCp protein or the consequence of increased endogenous ODC activity of HEK 293T cells, as result of a possible interaction of mouse ODCp protein with AZ, we examined ODC activity in ODCp-transfected cells that were co-transfected with human ODC-siRNA, specific for interfering human ODC mRNA but not for human or mouse ODCp mRNA. As shown in Fig. 4 , ODC activity was markedly decreased in ODC-siRNA transfectants compared with control cells or control-siRNA transfectants. Fig. 4 also shows that in cells transfected with AZI, a rise in ODC activity similar to the one observed in the ODCp transfectants took place and that this activity was also remarkably reduced by 30 nM human ODC siRNA. It can be seen that human ODC siRNA did not affect the levels of ODCp protein (Fig. 4B) . Furthermore, the analysis of protein localization of ODC and ODCp-tagged proteins with the FLAG epitope in the transient transfected HEK 293T cells showed that although ODC protein was mainly found in the cytosolic fraction, as it is widely accepted, ODCp protein was preferentially found in the mitochondrial pellet obtained after centrifuging the cell extracts at 12,000 ϫ g (Fig. 3B) . The fact that in the ODCp-transfected cells the enhancement of ODC activity was mainly found in the cytosolic fraction, whereas ODCp protein was fundamentally located at the mitochondrial/membranes fraction, also corroborates the view that ODCp lacks intrinsic ODC activity. Overall, these results suggest that ODCp protein may function as an AZ inhibitory protein.
The arginine decarboxylating activity of ODCp and ODCtransfected cell extracts was negligible in most experiments when recently purchased [ 14 C]arginine was used. However, in some cases, cell extracts from ODCp and ODC-transfected cells were able to release 14 CO 2 from 14 C-labeled L-arginine (Table 2) . Even in these cases, the release of 14 CO 2 from arginine was remarkably lower than from ornithine, when the same homogenate was assayed with these amino acids. Moreover, this activity was much lower in ODCp than in ODC-transfected cells, and in both cases it was the lowest in the mitochondrial fraction. In all these homogenates, decarboxylation of arginine was not significantly affected by 1 mM difluoromethylarginine, an effective inhibitor of bacterial and plant ADC (67), but it was markedly reduced (more than 95%) by 1 mM DFMO, whereas N G -hydroxyarginine, a potent inhibitor of arginase (68, 69) , also decreased the release of 14 CO 2 from L-arginine, about 50% inhi- 14 C]arginine may be the result of the concerted action of arginase and ODC activities that may be present in these extracts, or from trace amounts of labeled ornithine formed by chemical decomposition of arginine, we also tested the formation of agmatine and putrescine, the direct products of ADC and ODC, respectively, to check this possibility. The analysis by HPLC of the radioactive polyamines that could be generated by incubation of cell extracts with [U- 14 C]arginine is shown in Fig. 5 . Although in cells transfected with ODC a peak with a retention time identical to that of putrescine was seen, evidence for agmatine formation could not be found (Fig. 5B) . In extracts from ODCp-transfected cells, we could not detect the formation of agmatine (Fig. 5C ). In contrast, a peak with the same retention time as agmatine was clearly seen when incubates of bacterial ADC with labeled arginine were analyzed (Fig. 5A) . When the products were separated according to their positive charge by means of paper electrophoresis at pH 6.1 and detected by PhosphorImager, the results were similar to those found by HPLC analysis (Fig. 5D) . Similar results were obtained when Chinese hamster ovary and COS-7 cells were transfected with ODCp (results not shown).
Functional Analysis of the Possible Antizyme Inhibitory Capacity of ODCp by Co-transfection Experiments in HEK 293T
Cells-To investigate the possibility that ODCp protein may function as an antizyme inhibitor, as commented above, we also cloned cDNA corresponding to mouse ODC, AZ1, AZ2, AZ3, and AZI in the expression vector pcDNA3, and HEK 293T cells were transiently co-transfected with several combinations of the different recombinant plasmids. ODC activity was measured in the cytosolic fraction of the co-transfected cells and compared with the values of ODC-transfected cells. Fig. 6 shows that the three AZ tested down-regulated ODC activity, with AZ1 having an apparently stronger effect than AZ2 or AZ3. This figure also shows that both AZI and ODCp were able to rescue ODC from the inhibitory effect produced by AZ. The analysis of polyamines revealed that in the ODC-transfected cells there was a marked increase of putrescine (about 15-fold) and a moderate rise of spermidine (ϳ50%), whereas spermine remained unchanged (Table 3) . These results suggest that the levels in polyamine concentration reached by the ODC-transfected cells seem to be sufficient to induce ribosomal frameshifting of AZ mRNA (22, 23) in the co-transfected cells, and they indicate that the product of the Odcp gene behaves similarly to that of Azi. Moreover, to assess the role of ODCp protein on ODC degradation in HEK cells, we studied the effect of AZ, AZI, and ODCp on the levels of ODC-tagged protein with the FLAG epitope, using a specific antibody directed to this sequence and Western blot analysis. As shown by Fig. 7A , there was a parallelism between the changes in ODC activity and ODC protein, with AZ decreasing ODC activity and promoting the degradation of ODC, and ODCp and AZI preventing this effect. In fact, preliminary results on the half-life of ODC indicated that transfection with ODCp increased the t1 ⁄2 of ODC. 3 It must be noted that AZ2 and AZ3 also appear to promote ODC degradation as reported previously for AZ1 (27, 70) . However, the apparently higher effect observed for AZ1 could be related with the higher expression of AZ1 protein in the transfected cells (Fig. 7B) , presumably as a consequence of a higher stability of AZ1 protein. Moreover, the fact that in the double transfectants (ODC ϩ ODCp) ODCp increased the amount of ODC-tagged protein confirms the view that the rise in ODC activity induced by ODCp is related to its antizyme inhibitory action rather than to an intrinsic putative ODC activity. To assess a direct interaction of ODCp with AZs, immunoprecipitation experiments were carried out with AZ-HA fusion proteins and ODCp tagged with FLAG. As shown in Fig. 8 , interactions between AZs and ODCp were observed in the homogenates of the double transfectants. Again, the higher intensity of ODCp found in AZ1 co-transfectant could be related to a higher level of expression of AZ1. This interaction was also detectable when AZ1 and ODCp extracts were incubated in vitro. Overall, these results clearly indicate that ODCp counteracts AZ as effectively as AZI, and they consequently suggest that ODCp should be considered as a novel antizyme inhibitor.
DISCUSSION
In a recent study, Pitkanen et al. (52) reported the existence of a paralogue gene of human ODC (named ODCp) that coded for a novel human ODC-like protein expressed in the central nervous system and testes. This protein did not decarboxylate ornithine, and it was suggested, but not proven, that it might act as an AZ inhibitory protein. Our results indicate that the murine orthologue of human ODCp displays an expression pattern similar to its human orthologue and, more importantly, that the murine ODCp protein acts as an AZ inhibitory protein, at least in HEK 293 cells. This conclusion is based on our data showing the following. (a) The expression of ODCp in co-transfected HEK 293T cells may abolish the inhibitory effect produced by the co-expression of any member of the AZ family on ODC activity. (b) The action of ODCp on ODC not only affected ODC activity but also ODC stability, because the expression of ODCp appears to prevent the degradation of ODC protein mediated by AZ. (c) ODCp can directly interact with the three AZs. Furthermore, the effect produced by ODCp was similar to that found in parallel experiments using AZI instead of ODCp. This suggests that ODCp may mimic the action of AZI and that this inhibitory effect appears to be exerted on the three AZ isoforms. These findings are in agreement with the recently reported results that concluded that AZI is capable of acting as a general inhibitor of all members of the antizyme family (25) . Our results also reveal that the overexpression of ODC in HEK 293T cells was associated with a marked increase in putrescine and a moderate elevation of spermidine levels, whereas spermine content was not affected. This situation is similar to that found in transgenic mice where the overproduction of ODC led to an increase of putrescine in some tissues but had less effect on spermidine or spermine (9, 71) . In any case, the elevation in polyamine levels found in the transfected HEK 293T cells appears to be sufficient to facilitate the frameshifting in the translation of AZ mRNA (22, 23) . The fact that the expression of ODCp was able to counteract the effect mediated by AZ on ODC in culture cells, under conditions of similar amounts of their respective mRNA, suggests that ODCp may have a regulatory role in polyamine homeostasis in those tissues in which this protein is expressed. This assertion is based not only on the demonstrated effect of ODCp on putrescine biosynthesis shown here but also on its possible action on polyamine uptake, because it is known that AZ1 and AZ2 may act as negative regulators of polyamine transport (26 -28) .
Our results support the contention that mouse ODCp lacks intrinsic ODC activity, because the relatively low ODC activity found in the homogenates of HEK 293T cells transfected with ODCp could be abolished by means of siRNA directed specifically against ODC mRNA. This finding is in agreement with two previous reports that showed that human ODCp expressed either in an in vitro reticulocyte system (52) or in E. coli (48) was unable to decarboxylate ornithine. As was pointed out in these studies, the lack of ODC activity of human ODCp is not surprising because of the absence of key residues essential for ODC activity such as Asp-88, Cys-360, and Phe-400 (59, 62, 63) . In the case of mouse ODCp, apart from the changes in these critical residues, Lys-69 that is essential for ODC activity (59, 62) and for the binding of the coenzyme pyridoxal 5-phosphate (59, 60) is also substituted by glycine, suggesting that it is very unlikely that mouse ODCp may efficiently bind this cofactor. Although it is generally accepted that ODC is universally distributed in most members of the phylogenetic scale, from bacteria to mammals, it was believed for many years that ADC was not expressed in mammals (1) . However, in the past decade several publications have sustained the existence of ADC in mammals, based on the measurement of arginine decarboxylating activity in rat brain (38, 44, 72) , liver (40, 44) , kidney (40, 72) , vascular endothelial cells (73) , and murine macrophages (43) . Moreover, the detection of agmatinase activity in rat brain (74) and the cloning of human agmatinase (41, 42) have led us to postulate that the co-expression of both enzymes in specific cells may contribute to the synthesis of putrescine by an alternate pathway to the classical route of ODC (42) . Although there is convincing evidence that agmatine is present in mammalian tissues (38 -40, it cannot be excluded that this agmatine may have a dietary origin. On the other hand, although it is clear that mammalian extracts are able to generate 14 CO 2 from L-[1-
14 C]arginine, the results on the formation of agmatine from arginine in cell extracts are subject to some controversy. Thus, whereas some reports identified agmatine as the product of the reaction (40, 45) , other studies could not confirm this observation (46 -48) . Even more, it is also possible that part of the 14 CO 2 generated from L-[1-14 C]arginine in rodent tissue homogenates may be not derived directly by the action of ADC, but rather it may be generated from the concerted action of arginase-and ornithine-metabolizing enzymes such as ODC or ornithine aminotransferase present in the extracts as shown in plant extracts (75) . Interestingly, the identification of a human cDNA clone that exhibited ADC activity when expressed on COS-7 cells was reported recently (51) . The sequence of this gene was not related to that of a previously reported ADC partial clone isolated from rat kidney (72) that presented a high homology with that of E. coli ADC. Surprisingly, the ADC sequence deduced from this human ADC clone was identical to that of the previously identified human ODCp (52) . However, in a more recent study neither ODC nor ADC activity could be detected in bacterial extracts of transfected E. coli with human ODCp (48) . In our present results, in most cases we could not detect any significant ADC activity in HEK 293T cells transfected with the murine ODCp, which is in agreement with the results reported using human ODCp (48) . In the few cases where we found decarboxylation of arginine in the HEK 293T ODCp-transfected cells, the activity was not comparable with that reported in the COS-7 cells transfected with the putative human ADC clone (51) , and neither agmatine synthesis could be detected. In our opinion, the lack of ADC activity of mouse ODCp is not surprising because, as dis- A, 16 h after transfection cells were harvested and lysed as described under "Protocol I," and the homogenate was centrifuged at 12,000 ϫ g for 20 min, and ODC-tagged protein was assayed in the supernatant fraction using an anti-FLAG antibody. B, comparison of the expression of the mutated forms of the antizymes (⌬AZs) tagged with the HA epitope. Proteins were separated in 12% SDS-polyacryamide gels and detected with anti-HA antibody. Crude extracts were obtained as described under "Protocol I" (see "Experimental Procedures").
FIGURE 8.
Interaction between ODCp and AZs. HEK 293T cells were transfected with ODCp-FLAG construct, alone or in combination with HA epitopelabeled AZ construct variants (⌬AZs-HA). Cells were solubilized in Tris buffer containing 1% Igepal, and the supernatants obtained after centrifugation at 12,000 ϫ g were immunoprecipitated with anti-HA affinity gel beads for 3 h. After extensive washing, the eluted proteins were resolved by electrophoresis. Blotted ODCp-FLAG fusion protein was detected using antibody against the FLAG tag. The lane marked with an asterisk corresponds to immunoprecipitation of in vitro incubates of the extract from ODCp-FLAG-transfected cells with extract from AZ1-HA-transfected cells. cussed above, it is unlikely that mouse ODCp may efficiently bind pyridoxal phosphate, the coenzyme needed by bacterial and plant ADC (76) . At present, we do not known the reason for the discrepancy in ADC activity between human and murine genes, apart from the already commented substitution of lysine residue 69 by glycine.
In conclusion, our results indicate that mouse ODCp is devoid of intrinsic decarboxylating activity of ornithine or arginine, but it may act as an AZ inhibitory protein as efficiently as the established AZI. Accordingly, it should be considered as a second member of the AZI family and tentatively named as AZI2. The preferential expression of ODCp in brain and testis, tissues with low ODC activity and having blood/tissue barrier, paralleling the expression of AZ3, together with the differences in compartmentation between ODC and ODCp led us to speculate that ODCp could participate in the control of polyamine uptake presumably by acting on AZ3. It will be of interest to determine whether such AZ inhibitory capacity is shared by human ODCp or other ODCp orthologues.
